AbsTrACT background/aims There is considerable interest in novel techniques to quantify choroidal blood flow (CBF) in humans. In the present study, we investigated a novel technique to measure CBF based on laser speckle flowgraphy (LSFG) in healthy subjects. Methods This study included 31 eyes of 31 healthy, non-smoking subjects aged between 19 and 74 years. A commercial LSFG instrument was used to measure choroidal vessel diameter (CVD) and relative flow volume (RFV) in choroidal vessels that were identified on fundus photos, an approach that was used previously only for retinal vessels. The reproducibility and the effect of isometric exercise on these parameters were investigated. The latter was compared with measurement of subfoveal CBF using laser Doppler flowmetry (LDF). results Intraclass correlation coefficients for CVD and RFV were higher than 0.8 indicating excellent reproducibility. During isometric exercise, we observed an increase in ocular perfusion pressure of approximately 60% (P<0.001). The increase in RFV and CBF was lower, but also highly significant versus baseline (at minute 6 of isometric exercise: RFV 10.5%±4.2%, CBF 8.3%±3.6%; P<0.001 each) indicating choroidal autoregulation. Conclusion LSFG may be a novel approach to study blood flow in choroidal vessels. Data are reproducible and show good agreement with LDF data. Trial registration number NCT02102880, Results.
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InTroduCTIon
There is increasing interest in the quantification of choroidal blood flow (CBF), related to accumulating evidence that abnormalities in choroidal perfusion play a role in the pathogenesis of age-related macular degeneration (AMD). [1] [2] [3] To image and measure CBF with optical techniques is, however, not easy because light is strongly scattered in the retinal pigment epithelium (RPE). Laser Doppler flowmetry (LDF) has been used to study blood flow in the choroid, but measurements are limited to the subfoveal area, because of the lack of retinal vessels. 4 Colour Doppler imaging assesses blood velocities in the retrobulbar vessels including the posterior ciliary arteries supplying the choroid, 5 but no information on volumetric blood flow can be obtained and reproducibility is poor. 6 Indocyanine green angiography provides visualisation of the choroid, but the technique requires intravenous administration of a dye and extraction of quantitative blood flow data has proven difficult. 7 Recently, optical coherence tomography angiography (OCTA) has attracted much interest but up to now quantification of blood flow is not possible. 8 9 Quantification of blood flow in larger choroidal blood vessels was, however, achieved using Doppler OCT in a small group of healthy subjects. 10 Using these technologies, several links between abnormal choroidal perfusion and AMD were established. Two longitudinal studies have shown that low CBF is a risk factor for the development of choroidal neovascularisation. 11 12 In the Comparison of Age-related Macular Degeneration Treatment Trials (CATT) study, patchy choroidal filling was identified as an important risk factor for vision loss during anti-vascular endothelial growth factor (VEGF) therapy. 13 A variety of OCTA provided links between choroidal vascular changes and different stages of AMD. [14] [15] [16] [17] Laser speckle flowgraphy (LSFG) is a technique that quantifies blood flow based on speckle statistics. 18 This technique has been used to study optic nerve head blood flow, 19 20 but when retinal areas are measured the signal contains proportions from both retinal and choroidal circulations. 18 
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MATerIAls And MeThods subjects
The study population consisted of a subgroup of healthy subjects, who participated in previously published studies. 22 23 All research adhered to the guidelines set forth in the Declaration of Helsinki. Written informed consent was obtained from all participating volunteers after the nature and possible consequences of the study were explained in detail. Those subjects in whom a choroidal vessel was clearly identified were chosen for the present analysis. For reproducibility analysis, we included 21 subjects, and 10 subjects were included for the analysis during isometric exercise.
Prior to the study, all subjects underwent a comprehensive screening examination comprising medical history, physical examination, best-corrected visual acuity testing using standard ETDRS charts, slit-lamp examination including indirect funduscopy, measurement of intraocular pressure (IOP) using Goldmann applanation tonometry, measurements of systolic blood pressure (SBP) and diastolic blood pressure (DBP) with automated Clinical science oscillometry and a urine pregnancy test in women with childbearing potential. The inclusion and exclusion criteria of the study were published previously. 22 23 Twelve hours prior to the study, subjects were instructed to abstain from alcohol and beverages containing xanthine derivatives such as tea, coffee or cola.
Protocol
Reproducibility analysis was based on the protocol published previously. 22 Briefly, three consecutive LSFG scans were acquired with a natural scotopic pupil; after pharmacological dilation of the pupil with 0.5% topical tropicamide eye drops (Mydriaticum Agepha Augentropfen; Agepha Ges.m.b.H., Vienna, Austria) and a resting period of 20 min, a second set of three consecutive LSFG measurements was acquired. The scans performed in mydriasis were used to assess reproducibility. At the end of the experiments, we performed measurements of IOP and systemic blood pressure. Experiments during isometric exercise followed the protocol described in Witwowska et al. 23 A baseline recording using LSFG was performed and systemic blood pressure, pulse rate (PR) and IOP were taken while subjects were seated in a chair. Thereafter, isometric exercise was started and maintained for 6 min. This period of isometric exercise consisted of squatting in a position where the upper and the lower legs formed almost a right angle. For this purpose, the chair was carefully removed and the subjects were asked to remain in their position. LSFG measurements of blood flow, as well as readings for systemic blood pressure and PR were performed every minute throughout these experiments. In addition, a second period of isometric exercise was performed after a resting period of at least 20 min, which followed the same schedule as the first period. During the second session of isometric exercise, subfoveal CBF was, however, measured using LDF as described previously. 24 25 laser speckle flowgraphy
In the present study, we used a commercially available LSFG system (LSFG-NAVI; Softcare Co, Fukuoka, Japan) to study CBF. The principles of LSFG have previously been summarised in detail. 18 Briefly, the device consists of a fundus camera supplied with an 830 nm diode laser and a digital charge-coupled device camera. The output parameter of LSFG is mean blur rate (MBR), which constitutes a measure of relative blood flow velocity in arbitrary units (AU) and is calculated using first order speckle statistics. One LSFG scan consists of a total of 118 images captured at a rate of 30 Hz resulting in total measurement time of approximately 4 s. The analysis software (LSFG Analyzer, Version 3.1.58; Softcare Co) produces a 'composite map' which colour codes perfusion at the posterior eye pole within one cardiac cycle. Recently, a technique was introduced to extract blood flow information from retinal vessels. For this purpose, a rectangular band (RB) is centred on the retinal vessel of interest. The signal from this area contains information from the blood stream within the vessel as well as from the microvasculature beneath the vessel. The signal arising from the larger vessels can automatically be separated from background MBR originating from the surrounding microvasculature by computing a threshold between MBR values. The software extracts the vessel diameter as expressed in pixels as well as the relative flow volume (RFV) in AU. In the present study, we extended this concept that was originally developed for retinal vessels to choroidal vessels (figure 1). Larger choroidal vessels were identified on fundus images and LSFG intensity maps. The vessel selection was restricted to the 21° field of view of the LSFG camera, which was centred at the optic nerve head. Afterwards, a RB having three times the width of the choroidal vessel of interest was placed over this vessel in the LSFG perfusion map and analysis was done in a similar way as previously described for retinal vessels. 21 During the vessel selection, we took care to draw a RB which encompassed the choroidal vessel of interest without including any other larger vessel. The size of the RB on the first scan was saved and then exported to all the following scans for each subject.
laser doppler flowmetry
Continuous measurement of CBF was performed by LDF as described previously. 26 Briefly, vascularised tissue is illuminated by coherent laser light and the following haemodynamic parameters are determined from the Doppler shift power spectrum: the mean velocity of the red blood cells moving in the sampled tissue proportional to the mean Doppler frequency shift, the blood volume defined as the number of moving red blood cells proportional to the amount of Doppler shifted light and CBF calculated as the product of velocity and volume. In the present study, a laser portable confocal Doppler flowmeter was used. 
statistical analysis
Descriptive data are presented as mean and SD. A repeated measures analysis of variance (ANOVA) model was used to characterise the effects of isometric exercise on the outcome parameters. To quantify reliability of measurements, intraclass correlation coefficients (κ ) were calculated using the three repeated measurements. The calculation of κ is based on a repeated measure ANOVA model using the variance among subjects ( v S ), the variance among measurements ( v M ) and the residual error variance ( v e ) and is calculated as
A κ of 1 means perfect reproducibility. The higher the intraclass correlation coefficient, the less is the variability of the method. In addition, the coefficients of variation were calculated. A P value of <0.05 was used as an indicator of statistical significance. All statistical analysis was carried out using CSS Statistica (Version 6.0, Tulsa, Oklahoma, USA).
resulTs
In a previous study on the reproducibility of LSFG in Caucasian subjects, we included a total of 80 subjects equally distributed in four age groups (group 1: 18-34 years; group 2: 35-49 years; group 3: 50-64 years; group 4: 65-80 years) each consisting of 10 male and 10 female subjects. 22 For the present reproducibility analysis, a subgroup of 21 subjects was included (table 1). The subgroup of subjects in whom the effect of isometric exercise was investigated consisted of volunteers that were included in a study on the effect of squatting on optic nerve head blood flow (table 1).   23   Table 2 summarises the coefficient of variation and intraclass correlation coefficient for vessel diameters and RFV in the selected choroidal vessels. The RFV values at the three measurements were 270.2±55.3 AU, 266.1±52.7 AU and 265.6±53.9 AU, respectively. Values for CVD also showed little variability with values of 27.5±5.7 AU, 28.1±5.9 AU and 27.9±5.3 AU. According to Cicchetti, intraclass correlation coefficients of 0.75 and higher are considered as excellent reproducibility. 28 Changes in CVD, RFV and OPP during isometric exercise are presented in figure 2 . The CBF and OPP data as obtained during the second period of isometric exercise are presented in figure 3 . The increase in RFV, CBF and OPP was highly significant (P<0.001 each). The per cent change in OPP was, however, more pronounced than the increase in RFV and CBF indicating choroidal autoregulation. When we compared the time course of RFV and CBF, we observed a slightly higher increase with the former parameter (at minute 6 of isometric exercise: RFV: 10.5%±4.2%, CBF: 8.3%±3.6%). These data were, however, obtained during different periods of isometric exercise, but differences between the OPP increase during the two periods were small. The choroidal vessel diameter showed a tendency to decrease during isometric exercise, but this effect was not Clinical science significant (at minute 6 of isometric exercise: −3.8±4.2%; P=0.08).
dIsCussIon
Herein, we present a novel approach to quantify CBF based on LSFG technology. The approach provides acceptable reproducibility and is capable of characterising changes in CBF induced by isometric exercise. Given that there is currently no other method commercially available for obtaining quantitative information on CBF, this technique may have considerable potential for understanding choroidal perfusion abnormalities in diseases of the outer retina.
The increase in CBF as observed with this technique during isometric exercise was slightly larger than the changes as obtained with LDF, but followed the same direction. In this context, several important differences between the current approach and LDF need to be mentioned which may account for these differences. On the one hand, LDF assesses the microcirculation in the subfoveal choroid, whereas the LSFG-based technique selects one larger vessel. As such LDF measures blood flow in choriocapillaris and LSFG measures blood flow in single vessels in Sattler's or Haller's layer.
A major advantage of the present approach is that it relies on a commercially available technique that can easily be implemented. There are, however, also several drawbacks with the technique. On the one hand, we were not able to identify choroidal vessels that were suitable for analysis in all participating subjects. On the other hand, we and others have previously shown that there may be a zero-setoff with RFV measurements when applied in retinal vessels. 21 29 These conclusions were drawn based on comparison with other techniques to measure retinal blood flow such as laser Doppler velocimetry or Doppler OCT. 30 31 This may also be the case when measurements of RFV are applied to choroidal vessels, but due to the absence of a gold standard technique for CBF evaluation such validation experiments cannot be performed in choroidal vessels. Since LSFG is based on a decorrelation analysis one may, however, assume that the outcome parameters do not scale linearly with blood velocity over the entire velocity range.
14 Reproducibility of our approach is in the same range to that of previous techniques for the assessment of CBF 6 such as pneumotonometry, 32 laser interferometric measurement of fundus pulsation 33 and LDF 26 and superior to that of colour Doppler imaging of retrobulbar posterior ciliary arteries. 6 Further studies are required to investigate what is the minimum diameter of choroidal vessels that can be studied with this approach.
The results during isometric exercise are in good agreement with previous data 24 25 34-36 and support the concept that the choroid is not a passive vascular bed but rather shows characteristics of autoregulation. During isometric exercise, we observed a tendency towards vasoconstriction, which did, however, not reach the level of significance, most likely because of the small sample size and the limited pixel resolution of the employed charge-coupled device camera. This is compatible with the idea of myogenic autoregulation which has been proposed by Kiel and co-workers previously based on a set of experiments in rabbits. [37] [38] [39] In conclusion, our data indicate that quantitative blood flow information of choroidal blood vessels can be extracted using a commercial LSFG system. Future studies are warranted to investigate the potential of this technique in studying CBF in diseases such as AMD in which perfusion abnormalities are assumed to play a role in the development of late stage disease.
